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ABSTRACT 


A eoK| uter program to analyze full-coverage 
fllm-coolea vanes and blades with or without a 
thermal -barrier > oating is described. The program 
Input, coolant clow and heat transfer siodel, and the 
; rogram output are discussed. As an example, see- 
,3 tions of the suction and pressure sides of a high 
V temperature, high pressure turbine vane are analyzed 
“ to show the effects of a thermal barrier coating, 
jnpared to the uncoated design, the coating halves 
the required coolant flow, while simultaneously re- 
ducing metal outer temjeraturea by over 111 X (:.00‘ F) , 
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constants In metal and coolant tempera- 
ture expressions 

specific heat at constant pressure, 

/(g- K) ; !itu/(lbm. *R) 

constants in metal and coolant tempera- 
ture anc overall effect! veness expres- 
sions 

diameter, mj ft 

flow rate per unit area, kg 
lbm/(ft *hr) 

force-mass conversion, constant, 1; 32,174 
(lbm)(ft)/(lbf)(sec 2 ) 

heat-transfer coefficient, .'/(nr «hr« X) ; 
Btu/( ft-’*hr»"R) 

mainstream gas heat transfer coefficient 
when the coolant temperature equals the 
mainstream gas temperature, C/(m 2 .hr«K); 
Btu/(ft 2 *hr*°R) 

mainstream gas heat transfer coefficient 
when the coolant tempo rt ture equals the 
shell outer surface temperature, 
J/(m" ; .hr» K) ; htu/(ft •hr* I> R) 

thermal conductivity, ./(m*hr*K); 

Btu/(ft«hr**R) 

length, m; ft 

pressure, N/m 2 ; lbf/ft 

Prandtl number 

gas constant, J/L-g-K); ft*lbf/(lbm»*R) 


Re Reynolds number 


r radial location, m; ft 


T temperature, K{ *R 

V velocity, m/sec; ft/sec 

x distance, mj ft 

a angle defining film-cooling hole <rit Na- 

tion, deg 

u , a constan' s in overall effectiveness c 

•ion 

angle defining film-cooling hole orienta- 
tion, deg 

q overall effectiveness 

X • , V. constants in metal sad coolant temiori turo 

and overall effec'.lveness expression. 

0 density, kg/m^; lhm/ft“ 

rotational speed, rad/sec • 

-ut s-rlptc 

a based on arrival velocity 

av average 

b bulk 

» 

c coolant 

ct coating 

d based on diameter 

g mainstream gas 

1 Inner, Inlet 

if Interface 

m metal 

n based on Impingement hole centers 

o outer, outlet 

w wall 

0 reference location from engine center line 

1, 2 arbitrary locations along the film-coolin 

dole length 

■ supply 

INTRODUCTION 

The high operating temperatures and pressures of 
modern jet engines require cooled vanes and blades to 
ensure the structural integrity of the turbine. Con- 
vection and/or local film cooling are being used In 
current engines, but any further significant Increase 
in engine operating temperatures and pressures will 
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require more effective coaling rchenat to Keep cool- 

Lm rates at accei ' able levels. Two such 
schemes will oh have been Investigated hy NADA are 
full-coverage film -cooling and the uae of thermal 
barrier coatings, In fuU-Jo"erage film-cooling, 
compressor discharge air la first Impinged on a vane 
01 blade Inner surface to remove heat by convection 
• hi Is then bled out through a large number of evenly 
distributed holes In the outer surface. The coolant 
forms a continuous, relatively cool Instulatlng layer 
between the outer surface and the hot mainstream gas, 

A thermal barrier coating acts as a heat Insulator 
which, when used with back side convection cooling, 
can lower metal temperatures significantly. 

While numerous aspects of ru: 1-coverage film- 
cooling had been reported In the >ien Literature ( - , 

a computer program to assist In the design of such 
vanes and blades was not generally aval. able, A com- 
puter program was therefore developed for analysing 
full-coverage film-cooled vanes or blades, Including 
the effects of a thermal barrier coating. The i r - 
gram Is described In deti 11 In reference ( , 

This paper presents an overview of the computer 
program of reference C and Illustrates its use with 
an example problem showing the effects of a thermal 
barrier coating. Sections of the suction and pres- 
sure sides of a hlgh-temperature high pressure tur- 
bine vane are analyzed and the resulting coolant 
flows and mstal temperatures are discussed, 

ANALYSIS MODEL 

Jsare.tfi 

Figures 1 and : show a typical full-coverage 
film-cooled vane anl Its cross section, respectively. 
The cross section .'hows Internal ribs which, together 
with an Insert, divide a vane or blade Into chambers. 
The large variations In mainstream gas pressure 
around the airfoil periphery uiite chambers necessary 
to properly control and meter the coolant flow. The 
analysis considers a single chamber In a vane or 
Is designe ; by analysing each 
chamber In the vane or blade. 

Tool ant Flow 

The coolant flow path In a chamber is shown In 
figure Coolant riows through the Insert holes. 
Impinges on the shell lnier surface, and then flews 
out through film -cooling holes into the mainstream 
gas. 

Coolant flow through each chamber is treated as 
one-dimensional and compressible. How tlirough the 
Impingement and film-cooling holes is treated in 
terms of a discharge coefficient and a total pressure 
loss coefficient (6), respectively. The coolant tem- 
perature increase due to impingement on the shell 
inner surface and convection In the film- cooling 
holes Is calculated. For a rotating blade, the radial 
pressure distribution p(r) In the chamber is assumed 
to be that of a rotating stagnant column 



where p is a known pressure at the radius r Q . 
The progfam can be used for flow analysis only,' by 
specifying the exclusion of heat transfer calcula- 
tions. 
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ileus Transfer 


Heat transfor calculations for a coated or un- 
cos ted shell are one-d Ice ns tonal and are basei on tl < 
equations or reference :, which were mo.il f e.: ■ n- 
clude a thermal bairler coatin. . ulated shell 

temperatures are average values for an area o slteli 
outer surface associated with each fllm-coollng hol« 
row. The calculations for each ft row 

Include back-side Impingement and convective leal 
transfer in the holes, but conduction Irtwet . . 
hole rows Is x . All shell and coolant tern- 

. 

Iterative manner. For a coated shell, ‘ a 
outer temperature Tot u* metal outer an i Inner 
peraturcs ( T: , ‘m,l» respectively) and tie 

coolant outlet, inter 'ace and Inlet temperatur* 
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where the overall effectiveness tj Is obtained from 

o. 
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and 
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The heat transfer coefficients hg(0,x) and h,r(l,x) 
are obtained from reference 5 which was modified to 
include the discrete-hole blowing model of reference 4. 


The constants a lt a;., Cg, C 3 , C 4 , C 5 , C 6 , ii, a , 

fslc 


Ap, and A ;; are functions of geometry, physical pro- 
perties, coolant flow rate, und impingement a:,d film- 
cooling hole heat transfer coefficients. They ore 
fined in reference 6. 

The heat-transfer coefficient on the shell inner 
surface Is calculated from the ilordon -Cobonpue im- 
pingement correlation (7) 
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Hie iieat -transfer coefficient In the film-cooling 
hole* 1 * tl Uoiri froi. the lavey correlation ( 8 , 
fra# which the avera* je h n the portion of the hole 
between stations 1. and L. la 



The ar.puter pr >gram Includes n main program and 
six subroutines. The program consists of 1650 cards 
and occupies 22,500 36-bit words of memory, It is 
written In F0RTRA1 I IV and Is operational on a UN1VAC 
1100/ 4? computer, Execution tine for one chamber Is 
typically less than It seconds. 

Input 

Tor each chamber In a vane or blade, the number 
of Impingement and film-co... la rows ore sped- 

fled, along with the number of holes In each row. 
further required goemetry Input Is shown In figure 3, 
Each fllm-coollng hole row hat; an associated area of 
outer surface as shown. The fllm-coollng hole orien- 
tation Is described by the two angles shown In fig- 
ure 4 , Additional Input quantities are the coolant 
upply temperature and pressures, and mainstream pas 
side temperature, pressure, velocity and heat trans- 
fer coefficient ilstrlbutlons. The physical pro- 
perties of the coolant and the thermal conductivities 
of the metal and ceramic coating are input as func- 
tions of temperature, and the coolant flow coeffi- 
cients (obtained from ref, : ) as functions of Mach 
number. Units may be either SI or U.S, customary. 

Output 

for each hambei , the program output consists of 
a listing of the geometric variables and the calcu- 
lated flow and heat transfer results. For each Im- 
pingement hole row, the coolant pressure, temperature, 
Mach number, and coolant flow rate ore tabulated. 

These variables are also tabulated for the entrance 
and exit stations of each fllm-coollng hole row. 

The pressure or pressure distribution (for a rotating 
blale) in the chamber is shown, along with the number 
of iterations required to achieve flow convergence. 
When heat transfer calculations are specified, the 
heat -transfer coefficients on the shell Inner surface 
and In the fllm-coollng holes are tabulated for each 
film-cooling hole row, along with the metal inner and 
outer temperatures and the coating outer temperature. 
The number of Iterations required for the heat- 
transfer calculations is also shown and appropriate 

i. ■ mat Ions, 

EFFECTS OF A THERMAL BAhRIER COATING 

A single chamber was analyzed on each of the 
suction and pressure sides of a high-temperature 
high-pressure turbine vane (fig. ) to 'iiustrate the 
use of the computer program. The thermal barrier 
coating thickness and the coolart flow rate were 
varied Independently and the mu e i s.<ell inner and 
outer and coating outer temperatures were calculated. 
The vane material was MAR-M509 and the coating w is 
12 weight percent yttrla stabilized zlrconla 
(YgOj-ZrOg), plasma sprayed over a bond coat of 


,.l rAlY (Ni-l6Cr-6Al*0.bY), The combined thickness of 
the metal shell and the plasma sprayed bond coat was 
G.127 cm (o.OtO In.). The effects of outer coating 
thicknesses from 0,0127 to 0,076 cm (0,0 
In.) wen* analyze l. 

In varying the coolant flow rate thj computer 
program was run repeatedly with varying coolant hole 
sizes which were smaller than those >t on uncoated 
base-case design. The hole sizes were estaillshei In 
an Iterative maimer to maintain constant coolant-to- 
mninstream mass flux ratios (pV) c /(pV)^. Coolant flow 
reductions were limited to those attainable with 
0.0254 cm (0,010 in.) diameter fllm-coollng holes. 

1 11m -cooling holes smaller than 0,0254 cm were • 
eluded due to monuiae curing considerations. 

As aumpt ion 5 

1, The operating conditions are a turbine inlet 
hot spot total temperature of 2550 K (4130’ F) (corre- 
sponding to on average inlet temperature of 200 K 
(3500* F) ) , and an Inlet total pressure d atm - 
sphere (385 fi/an- or 559 psla). Coolant temper 

and pressure are fill K and 404 N/cm (1000° ! and 
. >y psla), respectively. 

2. Thermal gas radiation Is neglecte d In the 
analysis. For an uncoated vane at the chosen oper- 
ating conditions, thermal gas radiation Increase, the 
heat flux by approximately 5 percent. 1 ir . 

v&ne, the heat flux Increase Is approximately j < r- 
cent lue to the higher reflectance of the Irconla, 
which Is O.S as compared to 0,2 for the bate me- 
Neglecting gas radiation thus results In a conserva- 
tive estimate for the benefits of a thermal barrier 
coating. 

. 

mainstream gas heat-transfer coefficients do not In- 
crease due to surface roughness, 

4. The boundary layers on the vane suction and 
pressure sides are fully turbulent, 

5, Temperature calculations with ceramic coating 
are male with a two-layer model (metal plus coating). 
The thin bond layer is combined with the base metal 
since the thermal conductivity of each is much greater 
than that of the thermal barrier coating. This model 
introduces little error Into the analysis. 

Results 

Figures 5 through 7 present the calculated re- 
sults, The shown temperatures ore average values for 
all film-cooling hole rows in th* chosen hamters. 

The results are compared to the uncoateu base-case 
vane design for which the average suction and pressure 
side chamber outer metal temperatures are 1326 and 
1322 K (1930* and 1920* r ) , respectively. 

Figures 5(a) and (b) show the coating outer tem- 
perature (T c t Q ) , the metal outer temperature (; n , , 

and the metal’ Inner temperature (T ro l) at the unc&ate n 
design coolant flow versus coating thickness. Also 
shown ore the uncoated design metal outer tempera- 
tu’-et, Even small coating thicknesses reduce the 
metal outer temperatures significantly. For example, 
a 0.0127 cm (O.OCt in.) coating reduces the metal outer 
temperature by 109 and 150 K (340* and 270* F) for the 
suction and pressure side chambers, respectively. 

Figures 6(a) and (b) show the coating outer tem- 
perature (T ct „) sind the metal outer temperature 
( i- 0 ) "' or vafious coating thicknesses versus coolant 
flow for the suction and pressure side chambers, re- 
flectively. These figures show that a thermal barrier 
coating allows significant reductions in metal temper- 
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• tore, oolant flow, or combi nnt ton# of both, and 
that ratal outer temperatures ar«* more sensitive to 
o.witlrig thickness than to ooolant flow, for example, 
with ■ 0*0127 cm (0,006 In,) coating ana with half 
the uncoated .lesion coolant flow, suction and pres- 
*ii re side metal outer temperatures are reduced 153 
and 05 K (.'40" and 150 f) respectively, compared t>> 
the uncoated design. At twice till* coolant floe, 
tliese reductions are 180 and Iso K (.'40' and V/0 f), 

respectively, I'oubllng ttie coating thickness from 
0,0127 to 0.0264 cm (0.00! to 0.010 In.) (at half lit* 
uncoated design coolant flow) reduces the suction and 
pressure side metal outer temperatures by 228 and 
1/8 K (410" and 320* f) respectively, campart.l to the 
un coated design. 

figures 7(u) and (b) (obtained by cross plotting 
figs. 6(a) and (b)) show the required coating thick- 
nesses for the suction and pressure side chambers, 
respectively, versus metal outer temperature at var - 
ous coolant flow rate*. liese figure* show that, to 
achieve the some w tal outer temieratu re reductions 
on the suction and pressure sides at equal coolant 
flow reductions, a thicker coating is requited on the 
pressure si ie than on the suction side. For example , 
st hall’ the uncoated design coolant flow, a 0,0127 cm 
(O.OOP in.) thick coating reduces the suction side 
•-mtal outer temperature (cota|>ared to the uncoated vie - 
sign) by 1*5 K (i'40 ■) to 1104 K (IkoT g), while a 

0,0170 cm (0.007 lu,) thick coating Is required for a 
comparable temperature reduction (to 1181* K (lt380* f)) 

e pressure side. Die greater 1 cnees of 

the thermal barrier coating on the suction side re- 
sults from the higher heat flux on the uncoated suc- 
tion side (ref. points out that the benefits of a 
thermal barrier coating are directly related to the 
level of heat flux through the uncoated hardware). 

CONCLUDING REMARKS 

An overview has been presented of a computer 
program which analyzes the coolant flow and metal and 
coating temperatures of a chamfer in a full- -coverage 
film-cooled vane or blade. Die program geometric 
input* are shown, and otlier program inputs are de- 
scribed, as well as the program out nut. Die basic 
equations for calculating metal and coolant tempera- 
ture* are shown and various heat-tranafer correlations 
are described. As an example, sections on the auction 
and pressure sides of a hlgh-tenq>erature high-pressure 
turbine vane ore analyzed to show the effects of a 
thermal barrier coating. The analysis shows that 
combining a thermal br’-rier coating with full -coverage 
lllm-coollng gives significant reductions in metal 
t'mperature and/or coolant Mow rates, for the chosen 
vane sections, required coolant flow rates were halved 
(compared to on uncoated design), while metal outer 
temperatures were simultaneously reduced by over 
111 K (200* r) , While NASA has demonstrated the use 
of plasma-sprayed thermal -barrier coating, on 
convection-cooled vanes (8), research is needed to 
develop an acceptable manufacturing technique for 
coated, full-coverage -film-cooled hardware. 
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Fig. 2 Full-coverdqe film-cooled /ane cross-section and temperature definitions 
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